Abstract Ecological carryover effects occur when an individual's previous history and experiences explain their current performance. It is becoming clear that ecological carryover effects are a common phenomenon across taxa, and have the potential to play an important role in governing individual fitness and population dynamics. Carryover effects may reduce the success of conservation efforts aimed at slowing or reversing biodiversity loss. Failure to consider carryover effects might lead to erroneous conclusions about the effectiveness of conservation measures. We suggest that carryover effects are considered explicitly in threat assessment and conservation planning, in order to understand the long-term consequences of stressors, target efforts more effectively, and ensure that the success or failure of conservation efforts is tracked more accurately. We encourage proactive research focused on the proximate mechanisms underlying carryover effects, so that predictive measures of carryover effects in wild populations can be developed and refined. Finally, we suggest that in some cases, positive carryover effects could be exploited for conservation benefit. We conclude that the failure to consider carryover effects in conservation science and practice may put imperiled populations at further risk.
INTRODUCTION
Consider a scenario where a regulatory body requires that a threat assessment be conducted to determine if a given selective fishing strategy is risk averse. Researchers evaluate the short-term survival of endangered anadromous fish that are captured and discarded in the marine realm, and determine that survival rates are 99 % after 48 h. Therefore, the selective fishing strategy is considered appropriate. However, when the fish are released in the ocean to continue their migration, the fish that were exposed to the selective fishery and released suffer high mortality rates during the transition from saltwater to freshwater. In this case, the effects of the interaction with the selective fishery were not apparent immediately, but generated a carryover effect that was manifested at a later time, in a different location, when the fish were exposed to an additional, natural stressor. The concept of carryover effects requires that those examining the consequences of various human activities and human-induced environmental changes ought to do so with a long-term view.
The use of the term 'carryover effect' within an ecological context first became widely applied from the perspective of migratory animals, when it became clear that the reproductive success of many migratory birds is influenced not just by the conditions on the breeding grounds, but by conditions during the overwintering period (Webster et al. 2002; Norris 2005; Norris and Marra 2007; Harrison et al. 2011) . Based on these studies in migratory animals, ecological carryover effects were initially defined as events or processes occurring in one season, which consequently affect individual performance in a subsequent season (Norris 2005; Norris and Marra 2007; Harrison et al. 2011) . However, the concept that environmental conditions at one life stage can have lasting impacts on phenotype during subsequent life stages has been studied within an ecological context since the late 1950s (e.g., Leslie 1959; Prout and McChesney 1985; Scott 1994) . Delayed effects of environment on phenotype can occur not just across seasonal transitions (e.g., migration, hibernation, aestivation), but also across a range of biological transitions, such as those between life-history stages (e.g., maturation, reproduction) or distinct life-history states (e.g., metamorphosis, moltification) (see reviews by Beckerman et al. 2002; Benard and McCauley 2008) . Therefore, we use an inclusive definition of carryover effects, as the delayed effects of the environment on phenotype (Box 1). Under this inclusive definition, the first hallmark of an ecological carryover effect is that previous experience predicts aspects of individual performance, which are relevant to fitness, such as somatic growth rate or reproductive output. The second hallmark of an ecological carryover effect is that the time points, between the experience that generates the carryover effect and the performance metric that is affected by the carryover effect, are separated by a biologically relevant transition within the lifetime of the individual (see review by O'Connor et al. 2014) .
The study of ecological carryover effects has gained momentum in recent years, and an increasing number of studies demonstrate that individual fitness and population dynamics are strongly influenced by carryover effects. For example, many studies in migratory birds show that reproductive success on the breeding grounds is predicted by overwintering habitat (e.g., Norris et al. 2004; Saino et al. 2004) . Effects on reproduction are not limited to seasonal effects; for example, in long-tailed manakins (Chiroxiphia linearis), male reproductive success is not determined by a male's current social status, but instead, is higher in males with strong social ties in early life (McDonald 2007) . Effects are also not limited to reproductive effects; for example, in Atlantic salmon (Salmo salar; Morgan and Metcalfe 2001) and brown trout (Salmo trutta; Johnsson and Bohlin 2006) , starved fish reduce their growth rates, and when more food becomes available, the previously starved fish are able to compensate and 'catch up'. However, this compensatory growth has a long-term cost, and fish that undergo food deprivation and subsequent compensatory growth ultimately show increased mortality over long timescales (Morgan and Metcalfe 2001; Johnsson and Bohlin 2006; Lee et al. 2013 ). The common theme in all of these examples is that environmental effects are often manifested at much longer timescales than previously suspected, and often after periods of apparent 'recovery' from the initial stressor.
Carryover effects represent a challenge to conservation outcomes precisely because they are manifested at long timescales, and after periods of apparent recovery. Conservation science is an interdisciplinary effort aimed at slowing or reversing biodiversity loss (Soulé 1985) . Common conservation actions include both in situ efforts such as protecting existing habitat, restoring degraded habitat, increasing habitat connectivity (e.g., wildlife corridors), or changing management practices to reduce impact on wildlife (e.g., changing fishing gear to reduce bycatch, or installing bird-friendly glass in city skyscrapers to reduce migratory bird kills), and ex situ efforts such as captive breeding and reintroduction programs (Primack 2010) . The success of conservation effort varies widely depending on the characteristics of the habitat and the species, population or ecosystem intended for protection, as well as socioeconomic factors . Evidence-based evaluations are necessary to assess whether or not conservation efforts are successful (Kleiman et al. 2000; Sutherland et al. 2004; Ferraro and Pattanayak 2006) , and the increasing Box 1 Individual phenotype is influenced by both genetic and environmental factors. Conservation science aims to maximize the survival and reproductive success of individuals and the persistence of threatened populations by addressing both genetic and environmental factors, and their interactions. For example, a conservation genetics approach might involve quantifying and conserving the range of genetic diversity within a population, since a more diverse genetic pool increases overall population fitness (Reed and Frankham 2003) and has a greater potential for adaptation in the face of environmental change (Lande and Shannon 1996) . Understanding reaction norms, or the variation in phenotypic expression of a single genotype across a range of environmental conditions, might be useful for a conservation behaviorist interested in creating a habitat that maximizes the reproductive success of an individual in a captive breeding program (Buchholz 2007) . However, in many cases, the survival and reproductive success of individuals is strongly influenced by previous environmental conditions. Environmental experiences can cause epigenetic effects, or changes to gene expression and regulation, which will permanently change individual phenotype (Feil and Fraga 2012) . The past environment can also exert its influence through nongenetic mechanisms, such as micro and macronutrient limitations or oxidative stress, and these can be reversible or partially reversible effects, but equally important in dictating individual phenotype and fitness (Harrison et al. 2011; O'Connor et al. 2014 ). In the current manuscript, we discuss how considering carryover effects, or the delayed effects of the environment on phenotype, can be important for conservation. For example, the reproductive success of an individual may be dictated not by the environmental conditions during reproduction, but by previous conditions experienced during the nonreproductive season, which caused a micronutrient limitation to reproduction (Norris et al. 2004; Saino et al. 2004) . In this example, a conservation physiology approach can provide physiological measures that reveal whether previous carryover effects occurred, and can be use to predict reproductive success evidence that carryover effects are important drivers of individual fitness (Harrison et al. 2011 ) and population-level processes (Frederiksen et al. 2008) suggests that conservation practitioners need to consider carryover effects in evaluations. However, limited finances and the necessity to prioritize efforts means that long-term evaluations are rare (James et al. 1999; Ferraro and Pattanayak 2006) . In this article, we present the case that carryover effects represent a concern for conservation practitioners, and suggest that conservation actions will be improved by considering these effects. We then suggest approaches from conservation physiology (see Cooke et al. 2013 ) that can identify when carryover effects have occurred. Finally, we suggest that incorporating carryover effects into predictive models might provide a solution for including carryover effects in conservation planning even when long-term evaluations prove to be the cost effective or practical.
ECOLOGICAL CARRYOVER EFFECTS COMPLICATE CONSERVATION Ecological carryover effects represent an increasing challenge
As global environmental change increases and human populations expand, carryover effects are likely to increase. For example, climate change has been established as one of the great threats to biodiversity, with predicted changes exceeding the ability of many species to adapt or disperse (Thomas et al. 2004 ). However, rather than simply increasing mean temperature in a given region, climate change is likely to increase climate variability, and increase the frequency of extreme environmental events (Solomon et al. 2007 ). Research has identified that stochastic weather events can generate carryover effects that affect reproductive behavior and reproductive success (e.g., Dickey et al. 2008; Møller 2011) , as well as drive population dynamics (e.g., Frederiksen et al. 2008 ) and life histories (e.g., Moreno and Møller 2011) of birds. While carryover effects of extreme weather events have been much less studied in other taxa, increasing stochastic weather events as a result of climate change are likely to play a critical role, generating carryover effects on reproduction and survival across all taxa. For example, amphibians are extremely sensitive to stochastic weather events, and increasing variability of weather patterns as a result of climate change is also expected to lead to declines in amphibian populations (Blaustein et al. 2010) .
Beyond climate change, more localized anthropogenic changes are also increasing, and are likely to generate carryover effects. Stressors in combination or succession can have different effects than any single stressor in isolation (e.g., Crain et al. 2008) , and indeed, in many cases, carryover effects are only manifested when individuals face a subsequent challenge (e.g., O'Connor et al. 2010) . Multiple environmental changes therefore increase the stressors that generate carryover effects, and the subsequent challenges that reveal them. Amphibians are perhaps the best-studied system for understanding the impacts of interactive stressors, and global amphibian declines have been linked to the interactions among climate change, disease outbreaks, increasing ultraviolet radiation, pesticide use, and habitat destruction, rather than to any single stressor or the simple sum of the parts (Blaustein and Kiesecker 2002) . Multiple interacting stressors are also threatening migratory Pacific salmonids (Cooke et al. 2012; Miller et al. 2014 ). Both examples demonstrate the importance of considering carryover effects across the lifetime of wild individuals, particularly since individuals are increasingly likely to face subsequent stressors.
Some species may be more vulnerable to carryover effects Conservation of migratory animals has historically been a particular concern for conservation scientists (e.g., Abell 2002; Martin et al. 2007; Bolger et al. 2008) . Conservation efforts are complicated in species that cover vast distances, and are particularly difficult for species, such as highly migratory marine fishes (Miller 2007 ) and large ungulates (Bolger et al. 2008; Sawyer et al. 2009 ), which are exploited as they cross political as well as geographic boundaries. Conservation efforts typically focus on protecting critical habitats, such as breeding grounds, and there is always a concern that animals will migrate out of protected areas, and into areas where they might experience harvest, pollution, habitat alteration, or other adverse conditions (Abell 2002; Martin et al. 2007; Bolger et al. 2008) . However, the prevalence of carryover effects in migratory species means that animals will carry stressors with them, even if protected areas or favorable habitat exist for some stages of the migration. There is clear evidence that stressors experienced during the winter and during migration influence reproductive success in songbirds and seabirds (e.g., Norris and Taylor 2006; Sørensen et al. 2009 ). Further, Calvert et al. (2009) reviewed a growing body of evidence that suggests that events occurring outside of the reproductive season are a critical driver of population dynamics for seasonal migrants across taxa, including birds, fish, and mammals. Thus, although birds have by far received the most research attention to date, carryover effects are likely an important consideration for all migratory species, and have the potential to interfere with or mask conservation efforts that are focused on a single region/jurisdiction or life-history stage. Similarly, long-lived animals experience a wide range of temporal conditions comparable to the wide range of geographic conditions experienced by highly migratory animals, and may also be vulnerable to carryover effects.
As an additional challenge, it has historically been logistically difficult to follow animals across broad spatial and temporal scales (Bowlin et al. 2010) , and therefore it is difficult to accurately record the stressors experienced by these animals or understand the long-term consequences. Recent advances in telemetry provide tools for tracking animals across broad spatial and temporal realms (Webster et al. 2002; Rubenstein and Hobson 2004; Block 2005) , but remain relatively expensive and impractical for broad-scale studies. The logistic challenges associated with tracking animals add to the concerns about carryover effects in conservation efforts for long-lived and highly migratory species.
Some conservation practices may generate carryover effects
Captive breeding programs are popular for species that face specific habitat threats, and for species that are commercially harvested, where captive-reared individuals supplement wild populations for harvesting. However, the captive environment or relocation stresses can generate carryover effects. In a dramatic example, the wild-born offspring of two hatchery fish had a relative reproductive success that was only 37 % of the reproductive success of wild steelhead trout (Araki et al. 2009 ). Although in this extreme example there are likely genetic differences between the hatchery and wild stocks that are contributing to these effects, there are also less dramatic examples where the experience of being raised in a captive environment changes the behavior and the physiology of animals, and makes them less fit for the wild environment in the long term. For example, captive rearing is known to result in reduced antipredator responses (e.g., McPhee 2004), as well as changes to other critical aspects of behavior such as social and mating behavior (Buchholz 2007) . Captive rearing also affects the physiology of animals, and these effects may have long-term consequences. For example, captive-reared feather-tailed gliders (Acrobates pygmeus; small marsupials) have altered torpor relative to wild individuals, which makes them more susceptible to hypothermia (Geiser and Ferguson 2001) .
Similarly, translocations are a common conservation tool (Fischer and Lindenmayer 2000) , but translocations are also known to be very stressful for the translocated individuals (Dickens et al. 2010; Tarszisz et al. 2014) , and have the potential to generate carryover effects that alter the long-term stress physiology of translocated individuals (Dickens et al. 2010) , and therefore influence their long-term reproductive success and survival (Teixeira et al. 2007) . Ultimately, such carryover effects of stress can reduce the success of translocation efforts (Armstrong and Seddon 2008) . As a final example, ecotourism can raise awareness of conservation issues, and generate revenue and public/political will to support conservation efforts (Page et al. 2001 ). However, wildlife viewing can cause stress to populations that interact frequently with tourists (see review by Green and Higginbottom 2000) , which may similarly change the stress physiology and generate carryover effects on the survival and reproductive output of viewed populations. Collectively, these examples demonstrate that some conservation practices can actively generate carryover effects, and without taking these carryover effects into consideration, the effectiveness of these conservation efforts will be compromised.
INCORPORATING ECOLOGICAL CARRYOVER EFFECTS INTO CONSERVATION ACTION Threat assessments need to consider carryover effects
Incorporating carryover effects into conservation requires that the various state changes that will be experienced by an organism are explicitly considered, as well as considering how other pervasive environmental challenges may lead to a carryover effect being manifested at a later time. This will require more comprehensive and longer-term evaluation of the effects of different stressors on organisms (i.e., conservation physiology; Cooke et al. 2013 ) on the part of conservation practitioners. With often-limited government resources, the burden of these increasingly comprehensive and longer-term evaluations will likely be placed on the proponent (e.g., the mining company, hydropower utility, fishing industry, etc.). However, this begs the question as to what can reasonably be expected of a proponent when evaluating their potential impact on wild organisms, and what happens in cases where retroactive action is necessary. More highlevel threat assessments (e.g., IUCN Red List; Rodrigues et al. 2006) inherently consider a wide range of threats and stressors, but even here, there will be a few cases where there are appropriate data available to evaluate the extent to which carryover effects may be operating. In this case, it is quite apparent how carryover effects can complicate conservation. Incorporating carryover effects into conservation effectively requires both a framework for considering carryover effects in conservation efforts and also guidelines for defining reasonable limits to evaluations.
Research is necessary to understand mechanisms
While long-term evaluations may be the best way to quantify carryover effects, these evaluations may not always be cost effective or practical. In those cases, we offer some potential solutions from proactive conservation physiology and conservation behavior research, recognizing that behavior and physiology are inherently connected whenever animals are studied in the wild . One of the research priorities that will benefit conservation outcomes is to determine the mechanisms underlying carryover effects at the individual level. Macro and micronutrient limitations have been proposed as physiological mechanisms driving seasonal carryover effects by Harrison et al. (2011) . O'Connor et al. (2014) also suggest that many of the mechanisms underlying life-history trade-offs are also likely driving carryover effects. In particular, both the endocrine systems (e.g., Ricklefs and Wikelski 2002) and oxidative stress (Monaghan et al. 2009; Beaulieu et al. 2013 ) have received a great deal of attention as potential mediators of life-history trade-offs, and are excellent candidates as mechanisms underlying carryover effects. With the predicted increase of extreme weather events, there is great opportunity to connect carryover effects to potential mechanisms using natural experiments. For example, Wingfield et al. (2011) reviewed the physiological mechanisms used by wild animals to cope with extreme environmental events. In particular, the authors identified attenuation of testosterone and other reproductive hormones, as well as insensitively to the glucocorticoid stress hormones are important adaptations that wild animals use to cope with unpredictable weather events. The regulation of these hormones therefore provides an excellent candidate mechanism to understand the carryover responses to stochastic environmental events. In many cases where carryover effects have been documented, the underlying mechanisms have not been investigated, and it is possible that many of the important mechanisms driving carryover effects remain undocumented. For example, epigenetic changes (i.e., functionally relevant changes to gene regulation as a result of the environment) have received a great deal of recent research attention in the medical sphere, and it is clear that gene regulation is sensitive to environmental changes, and changes in gene regulation have profound, long-term impacts on phenotype (Feil and Fraga 2012) . Indeed, there has been recent interest in using epigenetic changes as biomarkers for contaminant exposure in ecotoxicology (Head et al. 2012) , and these mechanisms may prove similarly useful in carryover effects research. From a behavioral perspective, state-space models of animal movement (Forester et al. 2007; Patterson et al. 2008) or mechanistic models of home range formation and behavior (Moorcroft et al. 2006; Van Moorter et al. 2009 ) explicitly incorporate an individual animal's previous experience in order to understand individual decision-making. Such models are relevant to conservation issues such as reducing wildlife collisions on transportation corridors, and can be used to prevent or mitigate such losses.
Proactive research can identify specific mechanisms underlying carryover effects, which in turn can be used to develop accurate measures that indicate when carryover effects have occurred, in order to better predict the success of conservation programs that are associated with stress such as captive breeding (Snyder et al. 1996) and translocation programs (Teixeira et al. 2007 ), or to determine whether a specific individual is suitable for such programs (e.g., Mathews et al. 2005) . Such tools are most valuable if they can identify when carryover effects have occurred before the consequences are manifested. As an example of such a tool, reflex impairment predicts whether fish that have been captured as bycatch in commercial fishing operations will survive if released (Davis 2010) . In this case, the measure involves a quick assessment of fish reflexes such orientation, startle responses, fin erection, body flex upon restraint, gag response, and vestibularocular response, which together represent a comprehensive measure that is both inexpensive and accessible to conservation practitioners. Behavioral indicators such as habitat use or foraging behavior could also provide an effective early measure to indicate that a disturbance has occurred (see review by Berger-Tal et al. 2011) . Other approaches such as the genomic tools that have been used to predict mortality and spawning success in sockeye salmon (Oncorhynchus nerka ; Miller et al. 2011 ) are very promising as predictive tools, but remain relatively expensive and inaccessible, and highlight the need for continued research and collaborations between research institutions and conservation practitioners on either developing new tools, or finding ways to make existing tools more accessible.
Harnessing positive carryover effects
Most conservation efforts focus on identifying and mitigating various anthropogenic threats and stressors, including carryover effects. However, it is also theoretically possible to generate positive conservation outcomes by maximizing positive carryover effects. For example, behavioral strategies such as training captive-bred animals to fear predators can be used to increase the survival of captive-bred individuals once released (e.g., McLean et al. 1999) . On a broader scale, stress during development can influence long-term reproductive output and survival in birds (Blas et al. 2007) , and stressors that delay metamorphosis in amphibians can have population-level effects that are expressed only later in life, during the terrestrial stages (Chelgren et al. 2006) . While this can be discouraging for conservation managers attempting to protect populations that have already experienced early-life stress, this research also implies that protecting critical life stages has the potential to generate positive carryover effects. For example, protecting key life stages from stressors could have permanent positive effects on physiological processes that would make individuals more resistant to subsequent stressors. Protecting key habitat by creating reserves is often a successful conservation strategy (e.g., Mosquera et al. 2000) . One way to improve these reserves is to identify key life stages that are vulnerable to carryover effects, and then create reserves that target individuals during these key life stages. Such a practice has potential to generate positive carryover effects that increase reproductive output and enhance survival later in life for these individuals and populations, even as they move into areas that are affected by anthropogenic changes.
Incorporating carryover effects in cases where mechanisms are unknown
Given that conservation biology is a field where action often needs to precede a complete body of scientific evidence (Sutherland et al. 2004) , it may be most prudent to assume that carryover effects are the rule rather than the exception. In particular, in highly migratory animals and long-lived species, there may be a great deal of uncertainty about what stressors have been experienced by the populations in question. The proactive assumption that many individuals will have experienced stressors leading to carryover effects will provide better conservation results than ignoring carryover effects in conservation. For example, Dickens et al. (2010) suggest that stress during translocations is so widespread that it can be incorporated into conservation planning as a predictable side effect of the translocation process, and efforts can then be adjusted accordingly, and overall outcomes improved.
Ideally, carryover effects should be managed or mitigated during conservation efforts, and this may require some knowledge of underlying mechanisms. In cases where this is not possible, or where conservation action precedes complete scientific study, then carryover effects can still be incorporated into conservation efforts by including carryover effects in some planning and prediction models. For example, an excellent paper by Fefferman and Romero (2013) presents a mathematical model that estimates the population-level effects of cumulative physiological stressors. From this model, the authors conclude that populations under stress disproportionately rely on the oldest and most physically fit individuals for population persistence. Thus, protecting these key individuals may proactively mitigate some carryover effects in wild populations, without the need to fully elucidate and track all carryover effects that are occurring. Similarly, Ratikainen et al. (2008) presents a mathematical model for considering density-dependent effects sequentially, rather than instantaneously, which is far more realistic for predicting population dynamics in populations where carryover effects occur. Norris and Taylor (2006) also present models that incorporate carryover effects into estimates of population sizes. In this case, the authors are specifically interested in migratory populations, and carryover effects are estimated by looking at the slope of the relationship between winter habitat quality and individual reproductive success during the subsequent breeding season. These models provide far better estimates than models without carryover effects. Conceptually, these models are useful for any case where information about the conditions generating the carryover effects are known, and can be expanded to any carryover effect by looking at the slope of the relationship between the condition that generates the carryover effect and the performance metric of interest that is affected by these carryover effects.
In summary, in cases where mechanisms are unknown, or it is not feasible to complete full studies of carryover effects prior to implementing conservation efforts, it is likely far more realistic to assume that carryover effects are occurring rather than to assume the opposite. At the least, acknowledging that carryover effects might be associated with population declines (e.g., for threat assessments at various scales; Rodrigues et al. 2006) would be an important first step. Indeed, the inclusion of carryover effects into threat assessments is possible by means of the methods already available for incorporating uncertainty (Akçakaya et al. 2000) . Moreover, assuming that carryover effects generate more variation in conservation success than that would otherwise occur will make predictions more conservative. By incorporating carryover effects into population models, these effects can be explicitly considered in conservation planning and can lead to better outcomes.
CONCLUSIONS
It is becoming clear that carryover effects are a common phenomenon across taxa, and have the potential to play an important role in governing individual fitness and population dynamics. Carryover effects may complicate conservation efforts if, for example, stressors experienced in degraded or captive environments carry over to influence reproductive success or survival in restored environments, and if management practices have carryover effects that are only manifested after the end of an evaluation period. These carryover effects can reduce conservation success, and ignoring carryover effects can lead to erroneous conclusions about the effectiveness of conservation efforts, or lead to decisions that are not sufficiently risk averse. We suggest a variety of physiological assessment and modeling methods that could be used to incorporate carryover effects into conservation planning when long-term monitoring is not practical, and present some key research questions for researchers and conservation practitioners to work together to address (Box 2). Incorporating carryover effects into conservation is not a simple and straightforward task. However, considering carryover effects explicitly in threat assessments and conservation planning, through either long-term evaluation or modeling, will target efforts more effectively, and ensure that the success of conservation efforts is tracked more accurately.
